The power converter is one of the most vulnerable components of a wind 
Introduction
There is much interest in renewable energy due to concern over the envi-is proposed, and the simulation results are compared with the situation with 
Aerodynamics
The aerodynamic torque, T f , has a nonlinear relationship with the effective wind speed, U , and the rotor speed, Ω, as follows:
where the tip-speed ratio, λ, is defined as
R denotes the rotor radius, C p the aerodynamic power coefficient, and ρ the 163 air density. From equations (1) and (2), it is clear that, for each wind speed,
164
the maximum power is produced at the value of the tip-speed ratio for which 165 the aerodynamic power coefficient is at a maximum. Hence, the value of T f 166 that corresponds to the maximum power values is proportional to Ω 2 .
167

Drive-train Dynamics
168
Rotor speed, Ω, and generator speed, w g , are dependent on aerodynamic torque, T f , and generator reaction torque, T e as follow
The simplified model introduced here neglects the intermediate and high frequency components, and A(s), −B(s)/N , C(s)/N , and −D(s)/N 2 are reduced to
where I 1 (= 3.9 × 10 7 kg m 2 ) denotes rotor inertia, I 2 (= 534.1 kg m 2 ) gen- 
Induction Generator Unit Dynamics
173
The model introduced in [9] includes a synchronous generator, but the model introduced here is modified to include an induction generator as previously mentioned. The the induction generator model is represented by the following equation
where f g denotes the grid frequency and n p the number of poles. 
Full Envelope Control
175
The controller design for regulating variable-speed wind turbines could be (provided by Supergen) are presented in Figure 1 , which demonstrates that
198
Rotor A has a peaked C p − λ curve whereas Rotor B has a broad flat C p − λ 199 curve. The difference impacts greatly on the control strategy. 
Control Regulation
224
In mode 2, T f is caused to track the C pmax curve. Because the C pmax curve is proportional to Ω 2 , the corresponding output, y i , which is also the input to the controller as depicted in Figure 4 , is defined as follows [23] T f,i cannot be directly measured and is, therefore, estimated from the measured drive-train torque, T e,i . The equation thus becomes
In order to obtain h(s), equation (3) can be re-expressed as
Since B(s) = −A(s)N (refer to equation (4)), T f,i in equation (8) can be redefined as
Hence, h(s) is obtained as However, since the derivative term in h(s) could amplify the high frequency noise, a low-pass filter is introduced, modifying h(s) in equation (10) as follows
where b is in the range of 5 to 10 rad/s.
226
In mode 3, T f,i is caused to track the constant rotor speed segment of the operating strategy curve shown in Figures 2 and 3. The corresponding output is, therefore, as follows
where Ω 0 denotes the relevant constant rotor speed. This particular regu-227 lation could lead to significant reduce energy capture, but it is necessary to 228 include this regulation since it enables smoother transition between modes 2 229 and 4.
230
In mode 4, the rated power, P 0 , is maintained, in above rated wind speed, by causing T f,i to track the constant power curve. The corresponding output is, therefore, as follows
As with equation (7), equation (13) is modified to
Linearisation
From the nonlinear model introduced in Section 2, together with either equation (6), (12) or (14), depending on the mode of operation, a state space model can be linearised for the three operating points, modes 2, 3 and 4, as follows:
where A, B, and C are the state space matrices. ∆y k ∈ R n , ∆u k ∈ R m and ∆x k ∈ R r (where n, m, and r are respectively 1, 3, and 1) are defined as
y k , u k , and x k are the output, input, and states, respectively, and
and x k,o are the operating points around which the models are linearised.
233
The process input is the grid frequency, and the process output is y, which 234 is generator torque, from either equation (6), (12) or (14) according to the 235 wind speed.
236
For the sake of brevity, the equation can be rewritten as
Model Predictive Control
237
For the linear model shown in equations (19) and (20), the prediction equations for MPC can be derived as [24]
. . .
and
. .
where n y denotes prediction horizon, and u
if control horizon, n u , is smaller than prediction horizon, n y . Prediction 238 horizon n y should not be smaller than n u .
239
The control solution is obtained by minimising the following objective function [25]
subject to the following constraints
where u i and u i denote the upper and lower limits on u i , respectively, and 
Switching
249
The controller needs to operate over the full operational envelope of wind 
Simulation Results
269
The controller is initially tuned through the application of the controllers serves as the basis for the collective control strategy introduced in Section 4.
321
The power efficiency at wind speed below rated cannot be obtained from 97.5%. Improvement is possible at the cost of "generator" power efficiency.
330
The average power efficiency over time is 99.6% as shown in Figure 9 . 
Collective Control
Initially, the controller designed in Section 3 has been applied to the model 333 for a cluster of 5 wind turbines. It responds to the average of y i (i = 1, . . . , N ) 334 from equation (6), (12) or (14), depending on the current operating mode.
335
In this approach, the controller tends to perform satisfactorily when N is 336 relatively small. However, as it reaches 5, the performance becomes poorer 337 because wind speed would be less uniform across a larger cluster than a 
Simulation Results
381
The Bladed model provides greater details for the structural loads, while Gateway, a commercial software package that fully integrates the simulation.
387
Modelling mismatch exists between the Bladed and Matlab/SIMULINK mod- sampling.
414
The power efficiencies and their mean at wind speed below rated (i.e. 
Conclusions and Future Work
Equations from [9] are exploited for modelling a nonlinear wind turbine.
447
The parameters of the Supergen 5MW exemplar turbine are exploited. In Reliability of each turbine is further improved by the use of constant-speed 479 stall-regulated machines.
480
As future work, a rotor that is more suitable for the collective control 
